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LFA-1 Contributes to Signal I of T-Cell Activation and
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Georg Varga1,2, Nadine Nippe1,2, Sandra Balkow3, Thorsten Peters4, Martin K. Wild5, Stephan Seeliger6,
Stefan Beissert1, Mathias Krummen3, Johannes Roth2, Cord Sunderko¨tter1 and Stephan Grabbe3
The b2 integrins are important for both transendothelial migration of leukocytes and T-cell activation during
antigen presentation. In T cells, triggering of leukocyte functional antigen-1 (LFA-1) is required for full activation
and T-helper (Th)1/Th2 differentiation. We used CD18-deficient (CD18/) mice to examine the role of LFA-1 in
the activation of T cells. Compared with wild-type controls, CD18/ T cells proliferated normally when
stimulated with antibodies against CD3 and CD28, but secreted significantly less IFN-g and IL-2 than their
wild-type counterparts. However, when Tcells were stimulated with dendritic cells (DCs) that provide additional
LFA-1 ligation, the proliferation of CD18/ T cells was significantly reduced, whereas cytokine production
remained impaired. The diminished proliferative capacity of CD18/ T cells could be fully compensated for
by additional triggering of the T-cell receptor, but not by additional stimulation through the costimulatory
molecule, CD28. Thus, ligation of LFA-1 on T cells participates in regulation of Th1 cytokines in vivo. In addition,
LFA-1 primarily exerts an effect as an enhancer of TCR signalling and does not facilitate classical costimulation.
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INTRODUCTION
b2 integrins (CD11/CD18) are heterodimeric leukocyte
adhesion molecules that are exclusively expressed on
hematopoietic cells and responsible for cell–cell contacts
between leukocytes as well as for contacts between
leukocytes and endothelial cells (Anderson et al., 1986;
Hynes, 1992). The common b-chain (CD18) associates with
four different a-subunits, a-L, a-M, a-X, and a-D, forming
distinct functional heterodimers termed leukocyte functional
antigen-1 (LFA-1; CD11a/CD18), Mac-1 (CD11b/CD18),
gp150/95 (CD11c/CD18), or CD11d/CD18 (Arnaout, 1990;
Hynes, 1992; Van der Vieren et al., 1995). These interact
with more than 20 ligands, of which the most prominent
belong to the ICAMs (Carlos and Harlan, 1994; Springer,
1994). LFA-1 is the only b2 integrin expressed on T cells.
An adhesion between T cells and antigen-presenting cells
(APCs) is necessary for the formation of the immunological
synapse and is mediated by T-cell surface molecules,
including LFA-1 and ICAM-1, -2, and -3 (in humans) (Vazeux
et al., 1992; Springer, 1995). In contrast to the extensive data
available concerning signals involved in TCR and CD28
ligation (Linsley and Ledbetter, 1993; Acuto et al., 2003),
much less is known about specific signals generated by
adhesion-mediated events involved in the contact of T cells
with APCs. Optimal proliferation of T cells and enhancement
of IL-2 production requires adhesive interactions between
costimulatory receptors on T cells and their counter-ligands
on APCs. In addition to TCR and CD28 stimulation, the
model systems that are used to study T-cell activation have
shown that increasing antigen density by more than 10,000-
fold does not initiate naı¨ve CD4þ T-cell proliferation or
cytokine synthesis in the absence of ICAM–LFA-1 interaction
(Abraham et al., 1999). In addition, Kandula and Abraham
(2004) showed that LFA-1 was required on CD4þ T cells for
optimal activation. However, the specific functional con-
sequences and mechanisms of an LFA-1-mediated ‘‘costimu-
latory’’ signal are not well defined. ICAM–LFA-1 interactions
have also been implicated to regulate T-helper cell differ-
entiation (Camacho et al., 2001; Chirathaworn et al., 2002;
Smits et al., 2002; Perez et al., 2003) predominantly
supporting Th1 induction, thereby suppressing Th2 differen-
tiation of T cells (Maraskovsky et al., 1992; Semnani et al.,
1994; Salomon and Bluestone, 1998; Luksch et al., 1999;
Jenks and Miller, 2000). We recently showed that lack of the
b2 integrin subunit also markedly impairs T-cell extravasation
in mice with a CD18-null mutation (CD18/; Grabbe et al.,
2002). Even when housed under pathogen-free conditions,
mice develop lymphadenopathy and splenomegaly with
increasing age, accompanied by activated peripheral T cells
(Grabbe et al., 2002).
In this study we now show that CD18/ T-cell activation
is profoundly impaired when stimulated with dendritic cells
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(DCs) that provide LFA-1 ligation in wild-type (wt) T cells, but
not when stimulated with anti-CD3 and anti-CD28. In
addition, IFN-g and IL-2 production is significantly dimin-
ished in the absence of CD18 and in the presence of DCs.
This impairment can be compensated for by increasing
signal I (TCR) of T-cell activation, but not by increasing
signal II (‘‘classical co-stimulation’’). Hence, LFA-1 signal
contributes to signal 1 of T-cell activation and is required for
both full T-cell proliferation and for Th1 differentiation.
RESULTS
LFA-1 is required for T-cell adhesion to DCs
We co-cultured CD18/ and CD18þ /þ T cells with
syngeneic DCs from CD18þ /þ mice, which besides TCR
ligation also provide LFA-1 ligation through ICAMs that are
expressed on DCs. We first analyzed the physicodynamics of
T-cell–DC interactions in a three-dimensional (3D) collagen
gel matrix. We seeded either CD18þ /þ or CD18/ T cells
together with DCs into collagen gels and analyzed T–DC
contact times as described earlier (Gunzer et al., 2000).
Contact times of CD18/ T cells with DCs were significantly
diminished when compared with CD18þ /þ T cells
(Figure 1a). In a separate approach, we analyzed T–DC
clusters in liquid culture (Figure 1b). In addition, in this
approach CD18/ T cells formed smaller clusters with DCs
when compared with CD18þ /þ T cells. Thus, lack of LFA-1
on T cells led to shorter T–DC contact duration and to less
adhesiveness. This was independent of the degree of DC
maturity, as we obtained comparable results with immature
DCs (data not shown).
Lack of LFA-1 leads to impaired signal 1 in DC-induced T-cell
activation
We wondered whether the diminished and shortened
adhesiveness of CD18-deficient T cells would also translate
into impaired T-cell proliferation. T cells from either CD18/
or CD18þ /þ mice were co-cultured with allogeneic DC and
proliferation was measured. CD18/ T cells proliferated
significantly less (Figure 2a and b) than CD18þ /þ T cells,
when co-cultured with DC. This could be due to insufficient
TCR-mediated T-cell activation at the DC–T-cell interface
(‘‘signal 1’’) or due to a lack of costimulation (‘‘signal 2’’). To
test these possibilities, we added either anti-CD3 antibody,
anti-CD28 antibody, or both antibodies (Figure 2c) to the
T–DC co-cultures, because exogenous addition of antibodies
can maximize the respective signal even in the absence of
LFA-1. Interestingly, adding anti-CD3 antibody to the co-
culture completely compensated for the deficiency in
proliferation of CD18/ T cells, whereas additional stimula-
tion through CD28 alone did not compensate at all for the
reduced ability of CD18/ T cells to proliferate (Figure 2a
and c). Triggering of both pathways did not further increase
proliferation of CD18/ T cells (Figure 2a and c). To exclude
the possibility that this effect is due to the activation status of
DCs, we also used immature DCs, yielding the same results
as with mature DCs (data not shown). Annexin V and
propidium iodide staining of the co-cultures showed (Figure
2d) no difference in apoptotic cells in the co-cultures, either
with CD18þ /þ T cells or with CD18/ T cells, respectively.
ICAM-1 on DC is essential for full LFA-1-dependent T-cell
activation
We next blocked ICAM-1 in our co-cultures of BALB/c DCs
with either CD18þ /þ or CD18/ T cells to verify the
importance of ICAM-1–LFA-1 interaction for T-cell activation
(Figure 3). When ICAM-1 antibody was used in the culture
with CD18þ /þ T cells and DCs, the proliferation that was
induced by DCs was almost completely abrogated (Figure 3a,
upper dot plots, and Figure 3b), suggesting that the ICAM-
1–LFA-1 interaction is essential for full T-cell activation.
However, little CD18/ T-cell proliferation was detectable
even without ICAM-1–LFA-1 binding in some experiments
(Figure 3a lower dot plots, and Figure 3b).
Lack of LFA-1 leads to impaired Th1 differentiation
As T-cell proliferation was impaired significantly (Figure 2a
and b) but cells did not die of apoptosis (Figure 2d), we asked
whether T-cell differentiation was also changed and deter-
mined their cytokine production. Production of the Th1
cytokines IFN-g and IL-2 was significantly reduced in
CD18/ T cells when stimulated with allogeneic DCs
(Figure 4). IFN-g and Il-2 production were in part but not
fully dependent on LFA-1–ICAM-1 interaction as determined
from experiments using anti-ICAM-1 antibody. We also
detected reduced IL-4 (a Th2 cytokine) production in
CD18/ T cells, although the differences between
CD18þ /þ and CD18/ T cells did not reach statistical
significance. Thus, ICAM-1–LFA-1 interaction promotes Th1
differentiation but has no direct effect on Th2 development.
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Figure 1. Impaired binding activity of CD18/ T cells. (a) Three-
dimensional collagen gel co-cultures containing 4 104 T cells and
4 104 syngeneic mature dendritic cells (DCs) from CD18þ /þ mice were
monitored for 72 hours using time-lapse videomicroscopy and analyzed for
the duration of randomly selected individual physical interactions of T cells
and DCs. Contact times of 50 individual T–DC pairs were analyzed and
expressed as mean value (±SEM). (b) For homotypic aggregation, 2 106
syngeneic DCs (CD18þ /þ ) and either 10106 CD18þ /þ or CD18/ T cells
were plated on six-well plates for 24 hours and photographed directly from
the culture plates (scale bar¼0.1 mm). Photographs are representative of
five independent experiments.
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DC-independent T-cell activation is not impaired in CD18/
T cells
ICAM-1 is also expressed on T cells, and we were interested
to examine how important T-cell-expressed ICAM-1 is for
T-cell proliferation. Therefore, we stimulated T cells with
antibodies against CD3 and CD28, but in the absence of DCs,
and assessed T-cell proliferation (Figure 5a). Where indi-
cated, plate-bound recombinant ICAM-1-Fc protein was used
to stimulate T cells additionally (Figure 5b). When stimulated
with anti-CD3 and anti-CD28 antibodies, but without DCs,
proliferation of either CD18þ /þ or CD18/ T cells did not
differ (Figure 5a and b), suggesting that CD18-deficient T cells
do not have an inherent defect in proliferative capacity or are
genuinely impaired in TCR-mediated signal transduction. In
addition, additional stimulation with ICAM-1-Fc did not
further enhance T-cell proliferation, at least at the stimulatory
conditions used in this study, suggesting that LFA-1–ICAM-1
interaction may be essential in the context of the
immunological synapse but not sufficient for optimal T-cell
activation.
Although T-cell proliferation was normal in CD18/
T cells that were stimulated in the absence of a DC surface,
merely by anti-CD3/anti-CD28, cytokine production still
was impaired, as shown for IFN-g, IL-2, and IL-4 in Figure 6.
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Figure 2. Leukocyte functional antigen-1 (LFA-1) contributes to ‘‘signal 1’’ of T-cell activation. (a) 1 105 Carboxyfluorescein diacetate succinimidyl ester
(CFSE)-labeled splenic CD3þ T cells were co-cultured with allogenic dendritic cells (DCs; BALB/c) in a ratio of 40:1 (T:DC) for 5 days. Where indicated, cultures
were additionally stimulated with anti-CD3 (5 mg ml–1) and/or anti-CD28 (2.5 mg ml–1) antibodies. Cells were stained for CD4, and proliferation (CFSE dilution)
was assessed using FACS. Data show one representative example of three independent experiments. (b) Proliferation (CFSE dilution) of CD3þ T cells from either
CD18þ /þ or CD18/ mice after 5 days co-culture with allogeneic BALB/c DC (T and DC in a ratio of 40:1). Graph shows mean and SEM (n¼ 9) of three
independent experiments. (c) As in b, but additionally cultured with a-CD3 and a-CD28 antibodies. Mean and SEM (n¼ 9) of three independent experiments
is shown. (d) Co-cultures from b were stained with Annexin V and propidium iodide (PI) and analyzed for apoptotic cells using FACS. The percentage of
Annexin Vþ /PIþ cells after 5 days of co-culture is shown. Graph represents mean and SEM of three independent experiments.
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Thus, the Th1 differentiation defect of CD18
/ T cells is not
fully dependent upon DC contact.
DISCUSSION
Relevance of b2 integrins for T-helper cell polarization
In this study, we examined the role of LFA-1 for priming and
differentiation of naı¨ve T cells. In part, this issue has also been
addressed by other researchers before, although with partly
divergent results. Experiments using specific mAb to block
the b2 integrin LFA-1 in vivo suggest that signalling through
LFA-1 has an important role in polarization toward type 1
immune responses (Maraskovsky et al., 1992; Semnani et al.,
1994; Salomon and Bluestone, 1998; Jenks and Miller, 2000;
Smits et al., 2002). In contrast, LFA-1-deficient mice seem to
be biased toward Th1 development in a model of Listeria
monocytogenes infection, which seems to be mediated by
elevated IL-12 production by granulocytes (Emoto et al.,
2003). Similarly, CD18-deficient mice similarly seem to be
biased towards Th1 development in a model of experimental
leishmaniasis by elevated IL-12 release from CD18-deficient
macrophages (Schonlau et al., 2000). Lee et al. (2003)
showed that in CD18/ mice, both Th1 and Th2 cells can be
primed, and that migration of Th2 cells to sites of inflamma-
tion, but not of Th1 cells, is impaired.
In this study, we examined whether CD18/ T cells were
already committed to a certain T-helper type in vivo, and
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Figure 3. Leukocyte functional antigen-1 (LFA-1) and ICAM-1 interaction is essential for dendritic cell (DC)-induced T-cell proliferation. (a) Splenic CD3þ
T cells from either CD18þ /þ (C57BL/6) or CD18/ mice were prepared and labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE) as described in
Material and Methods. 1 105 T cells were then co-cultured with allogeneic DC (BALB/c) in a ratio of 40:1 (T:DC) for 5 days. Where indicated, 5 mg ml–1
a-ICAM-1 antibody was added additionally. The cells were then stained for CD4, and proliferation (CFSE dilution) was assessed using FACS. Data show one
representative example of three independent experiments. (b) Quantification of a. Graph shows mean and SEM (n¼ 9) of three independent experiments.
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Figure 4. Cytokine production of CD18/ T cells induced by allogeneic BALB/c dendritic cells (DCs). 1 105 Quiescent T cells were incubated with
allogeneic DC (BALB/c) in a ratio of 40:1 (T:DC) for 5 days. Where indicated, 5 mg ml–1 a-ICAM-1 antibody was additionally added. On day 5, supernatants
were analyzed for the content of IFN-g, IL-2, and IL-4 using the cytometric bead array technology. Data are expressed as mean and SEM (n¼ 9) of three
independent experiments.
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whether they have similar functions when compared with wt
T cells. When stimulated independently of LFA-1 engagement
by DCs, proliferation of quiescent T cells from CD18/ mice
was equal to that of wt T cells (Figure 5). This result is
consistent with the study of Lee et al. (2003) who also
determined equal proliferation capacity when T cells were
stimulated in the absence of LFA-1 engagement. Schonlau
et al. (2000) also showed that T cells from L. major-infected
CD18/ mice regain their proliferative capacity in the
absence of CD18, but only after addition of IL-2. Thus, under
conditions in which the topographical redistribution of
membrane molecules is irrelevant for TCR triggering, b2
integrins are not required for T-cell activation. In contrast, the
cytokine profiles differed greatly between CD18/ and wt T
cells. In the absence of triggering by DCs, wt T cells produced
more IFN-g and IL-2 than CD18/ T cells. In addition,
production of IL-4 was also reduced in CD18/ T cells,
although not as prominent (Figure 6). The diminished
secretion of IFN-g by CD18/ T cells was not due to
impaired capacity to produce this cytokine, as IFN-g-
producing cells were not diminished when stimulated with
phorbol 12-myristate 13-acetate/ionomycin (data not shown).
This result is consistent with Schonlau et al. (2000) who
found an equal increase in IFN-g production from wt and
CD18/ T cells after stimulation with IL-2 (by-passing the
need for membrane interactions). The difference in IFN-g
production that is not observed by Lee et al. (2003) might be
due to the use of allogeneic DCs in our study. When
stimulated with anti-CD3/anti-CD28, the differences in IFN-g
production become similar to what was determined by Lee
et al. (2003).
Relevance of b2 integrins for TCR signalling and costimulation
The adhesive function of LFA-1 to bind to its counter
receptors, the ICAMs, has been studied very intensively
(Hogg et al., 2002; Porter et al., 2002). When we sought to
analyze LFA-1-dependent functions of T cells, we used DCs
to provide additional ICAM–LFA-1 ligation on the surface of
T cells. As expected, in our 3D collagen gel matrix, the
contact times of CD18/ T cells with DCs were lower
compared with wt T cells. Similarly, clustering of T cells with
DCs in liquid culture was also impaired, emphasizing the
relevance of LFA-1 as a cell–cell adhesion molecule. In
addition to this function, more recent studies have suggested
an active role of LFA-1 in intracellular signalling, leading to
T-cell activation (Zuckerman et al., 1998; Ni et al., 1999;
Ragazzo et al., 2001; Perez et al., 2003). To further analyze
this feature, we performed mixed lymphocyte reactions with
allogeneic DCs. Proliferation of CD18/ T cells was
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significantly reduced when compared with wt T cells and this
effect was not due to increased apoptosis in CD18/ T cells.
Thus, LFA-1 triggering on wt T cells amplifies T-cell
proliferation in response to physiological stimulation of the
TCR (signal I) and CD28 (signal II) by DCs. This was in clear
contrast to TCR- and CD28-induced T-cell proliferation in the
absence of DCs, which was not different between CD18/
and wt T cells (Figure 5a and b). Thus, LFA-1 ligation
contributes to the physiological triggering of the TCR and/or
costimulatory receptors, but not to pharmacological T-cell
stimulation with a-CD3 and a-CD28, at least when saturating
concentrations of anti-CD3 and anti-CD28 were used. This
suggests that LFA-1 is required for reorganization of TCR
molecules at the plasma membrane, which is necessary for
efficient T-cell activation. In accordance with this interpreta-
tion, LFA-1 has been shown to be one key molecule within
the immunological synapse (reviewed in Sims and Dustin,
2002). As it is still unclear whether TCR-mediated and
costimulatory signals are distinct from each other and
whether both are transmitted through synapse formation,
we analyzed whether the diminished proliferative capacity of
CD18/ T cells was due to reduced signal I and/or signal II
of T-cell activation. To amplify signal I, we added anti-CD3
antibody and to amplify signal II, we added anti-CD28
antibody to the mixed lymphocyte reaction, respectively.
Interestingly, enhancement of signal I fully compensated for
the lack in proliferative capacity of LFA-1-deficient T cells,
whereas augmentation of signal II completely failed to do so.
Thus, LFA-1 primarily exerts an effect as an enhancer of TCR
signalling, suggesting that LFA-1 signalling lowers the thresh-
old of T-cell activation by enhancing TCR-induced signalling,
whereas it does not facilitate costimulation through CD28. It
may do so by providing the adhesive properties required for
the formation of the immunological synapse. Indeed,
impaired synapse formation may also contribute to the Th1,
but not Th2, defect in CD18
/ mice. As Th2 cells are not as
efficient as Th1 cells in generating the immunological
synapse, the Th2 response may not be as dependent on the
immunological synapse as the Th1 response. This would also
be consistent with the studies of Perez et al. (2003) who
showed the contribution of LFA-1 signalling to intracellular
pathways that can also be triggered by the TCR. LFA-1, on the
other hand, does not activate, e.g., the p38 mitogen-activated
protein kinase pathway (Perez et al., 2003) that is one of the
targets of CD28 costimulation (Zhang et al., 1999).
In aggregate, our results indicate diverse roles for LFA-1 in
T-cell activation and differentiation. First, Th1-cytokine
production by T cells is inherently regulated by LFA-1
signalling. Second, LFA-1 not only facilitates cell–cell
contact, but also actively enhances TCR signalling. Third,
proliferation and cytokine production of T cells are both
influenced by LFA-1 signalling, but are regulated indepen-
dent of each other.
MATERIALS AND METHODS
Mice
CD18/ and CD18þ /þ (wt) control mice of C57BL/6 (H-2b) origin
were used at the age of weeks 16–20 as described (Scharffetter-
Kochanek et al., 1998). BALB/c mice were used for bone marrow-
derived DC preparation. All animal studies were approved according
to the federal regulations (no. A39/2000 Bezirksregierung Mu¨nster).
Antibodies and reagents
All antibodies were purchased from BD Pharmingen (Heidelberg,
Germany), including anti-CD11c-APC (HL-3), anti-CD3-PerCP (145-
2C11), anti-CD4-APC (L3T4), anti-CD28 (35.51), anti-CD80-FITC
(16-10A1), anti-CD86-PE (GL1), anti-ICAM-1 (3E2), Annexin V-FITC,
and cytometric bead array for cytokine detection (FlexSet: IFN-g,
IL-2, and IL-4). For cell separation, pan-T-cell isolation kit (CD3þ )
was from Miltenyi Biotech (Bergisch-Gladbach, Germany). Bovine
type I-collagen (Vitrogen 100) was purchased from Cohesion
Technologies (Palo Alto, CA, USA). Carboxyfluorescein diacetate
succinimidyl ester was from Invitrogen (Karlsruhe, Germany).
Propidium iodide was purchased from Sigma (Taufkirchen, Germany).
Generation of DCs and isolation of T cells
DCs were generated essentially as described (Inaba et al., 1992;
Labeur et al., 1999). To generate mature DCs, bone marrow cells
were cultured for 6 days in the presence of 150 U ml–1 GM-CSF and
IL-4 (both from conditioned cell culture supernatants kindly provided
by Thomas Blankenstein, MDC Berlin, Germany), with subsequent
exposure to lipopolysaccharide (100 ng ml–1) for 48 hours, as
described (Labeur et al., 1999). All DC preparations used were
480% pure with respect to CD11c expression (data not shown).
Spleens and lymph nodes of CD18þ /þ or CD18/ mice were
taken and T cells were prepared as described (Gunzer et al., 2001).
For isolation of T cells from spleen, pan-T-cell isolation kit (CD3þ
T-cells, Miltenyi Biotech) was used according to the manufacturer’s
instructions and cells were separated using Magnetic Cell Separation
(MACS) technology (Miltenyi Biotech). Cells were then labeled with
carboxyfluorescein diacetate succinimidyl ester (0.5 mM) and used in
co-culture assays with DCs (T and DC in the ratio of 40:1) or with
antibodies.
FACS analysis
For FACS analysis, 5 105 cells were incubated in 50 ml phosphate-
buffered saline and 1% fetal calf serum with the indicated antibodies
(1mg) for 30 minutes at 4 1C. Cells were then washed twice and
analyzed using a FACSCalibur flow cytometer, equipped with
CellQuestPro software (BD Biosciences, Heidelberg, Germany).
Mixed lymphocyte reaction and T-cell proliferation
Where indicated, coated anti-CD3 (5 mg ml–1) and soluble anti-CD28
(2.5 mg ml–1) antibodies were used to stimulate T cells. For APC-
dependent stimulation (mixed lymphocyte reaction), T cells (1 105
per well) and BALB/c-DC (2,500 per well) were used in a ratio of
T:DC¼ 40:1 and as described before (Varga et al., 2007). Where
indicated, T cells were additionally cultured with anti-ICAM-1
antibodies (5 mg ml–1). After 5 days of culture, supernatants were
taken for analysis of cytokine content, T cells were stained for CD4,
and proliferation (carboxyfluorescein diacetate succinimidyl ester
dilution) was measured using FACS.
Cytometric bead array
Cytokine production was measured from the supernatants of cell
culture and analyzed using cytometric bead array (BD Pharmingen)
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according to the manufacturer’s instructions. Cytometric bead array
FlexSets were used for IFN-g, IL-2, and IL-4.
Clustering assay
For homotypic aggregation, 2 106 syngeneic DC and 10 106
CD18þ /þ or CD18/ T cells were plated on six-well plates for
24 hours and photographed directly from the culture. For immature
DCs, cells of day 7 of culture were used. For mature DCs, day 6 cells
were stimulated for 48 hours with 100 ng ml–1 lipopolysaccharide.
3D collagen gel
DC–T interactions within 3D collagen gels were analyzed as
described before (Gunzer et al., 2000) using an Olympus BX61
microscope (Olympus, Hamburg, Germany) equipped with ‘‘Analy-
SIS’’ software (Olympus, Mu¨nster, Germany). In short, 4 104 DCs
were incubated together with 4 105 CD18þ /þ or CD18/ T cells
in 3D collagen gels in a self-constructed chamber at 37 1C and
microscopically recorded with a time-lapse video recorder.
Apoptosis
Apoptosis was measured by staining with annexin V-FITC (STS,
Alexis, San Diego, CA) and propidium iodide (1 mg ml–1) as described
previously. FACS analysis was performed using CellQuestPro
Software (BD Biosciences).
Statistical analysis
Results are mean values±SEM. P40.05 were considered not to be
significant. Statistical analysis was performed using the Student’s
t-test (two tailed and unpaired; *Po0.05, **Po0.005, ***Po0.0005).
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